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3.0 


PURPOSE 

The purpose of this document is to present the test procedures used 
and the test results obtained during an evaluation test program. The 
test program was conducted to obtain thermal performance data for the 
current production configuration Owens-Illinois Sunpak evacuated tube 
liquid collector. Reference 2.6 reported the data for early demonstra- 
tion hardware. All testing took ;iace at the Marshall Space Flight 
Center Solar Testing Facility, either at the Solar Simulator or at the 
outdoor test bed area. *nie test was conducted and the data evaluated 
using the methods provided in Reference 2.1 as applicable to both in- 
door and outdoor testing of solar collectors. Tests utilizing the 
MSFC Sol 2 u: Simulator were < onducted in accordance with procedures con- 
tained in Reference 2.2. 

REFERENCES 

nSHRAE 93-77 Methods of Testing to Determine the 

Thermal Performance of Solar Collectors 

MTCP-FA-SHAC-400 Procedure for Operation of the MSFC 

Solar Simulator Facility 

I.S.O.M. Feb. 1978, plus Owens-Illinois S\inpak^^ Installation 
Addendum Nov. 1978 and Operation Manual 

RD&D Test Report £8021 Florida Solar Energy Center Solar Col- 

lector Test Report, Model: Sunpak^^ 

DSET No. 197S0S DSET Laboratories, Inc., Solar Collector 

and DSET No. 18962S Reports, Collector Model Sunpak^^ 

DOE/NASA CR-161189 Results of Thermal Performance Evaluation 

of the Owens-Illinois Sunpak Liquid Solar 
Collector at Indoor Conditions 

COLLECTOR DESCRIPTION 

Manufactux'er: Owens-Illinois 

Manufacturer's Address: P. O. Box 1035, Toledo, Ohio 43666 

Type; Sunpak - Evacuated Tube 

Working Fluid: Water or Water/Olycol (33% by Volume for 

outdoor tests) 

2 

Gross Collector Area, Ft : 32.0 

Overall External Width, Feet: 4.0 

Dimensions: Length, Feet: 8.0 

Aperture Area, Ft^: 27.4 

Normal TiiJse Dimensions: Two- inch diameter x 44 in. long standard 8rom 

O.D. glass feeder tubes inside evacuated tubes 



3.0 


(Continued) 

Collector Glazing: Concentric glass tuJ:)es with an evacu- 

ated space between cylinders. Cover 
tube transmittance factor, .92. 

Al:)sorber tube alDsorptivity factor, .86. 
AlDSOrber tube eimnissivity factor, .07. 


Modulo Weight, Lbs: Empty; 


110.0 


Water Filled; 185.0 
( Appr ox i ma te ly 
9 gallons) 


Liquid Flow Path: Liquid flows in a serx^entine series 

flow x^attern through the collector 
manifold and the 24 evacuated tubes. 


**Shax^ed Sx'jecular Reflector: Interlocking tx^eated lightweight alumi- 

n\im, 40*’ lotig x 4** wide x .025’* thick. 


Diffuse Reflector: 


PPG Interior Latex, Color No. 37875, 
Reflectance 0.70 


* A thermal x^^-^'f^rmance test i oj^ort (Reference 2,6) from data at 
the MSFC Solar Simulator was Issued inner to this 3:oxx')X"t for the 
Suni")ak™ solar collector model used in early demonstration 
X>rojects. The current S\mx-^ak™ col lector model tested for this 
rexx^rt has a redesigned and modified manifold. The flow pattern 
through the collectoi^ has remained essentially the same in both 
collector iiiodels. 

At 

Late in the lust xu’ograrri, Owens-Illinois informed MSFC that the 
shaped sx'^ecular reflector used at MSFC in testing the current 
model Sunpak'^^ collector was a dovelonment reflector rather than 
a xu'oduction item. The current Sunivak c'cllector was therefore 
retested at the Solar Simulator with the production item shaped 
specular reflector. 
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4.0 


SUMMARY 


Thermal performance tests were concluctcd on the updated model 
Sunpak evacuated tube liquid collector at the Marshall Space 
Flight Center Solar Test Facilities . The collector was tested 
indoors utilizing the MSFC Solar Simulator and outdoors while 
mounted on a table capable of sun tracking. Data was obtained 
at both indoor and outdoor conditions for a diffuse reflecting 
surface, a plywood sheet painted flat white (PPG Interior Latex, 
Color No. 37875), and for the shaped specular reflector (SSR), 
supplied by Owens-Illinois, fastened in place. A schematic of 
the collector is shown in Figure 1 with the SSR attached, Photo- 
graph 1 shows the Sunpak collector \dth the SSR in place, while 
Photograph 2 shows the Sunpak collector with only the diffuse 
reflecting surface. A typical flux map taken during testing at 
the Solar Simulator is depicted graphically in Figure 2. Results 
of the time constant test are presented in Figure 3. The test 
conditions and the data obtained during the test program are 
listed in Tables I through IV for the thermal performance tests 
and in Tables V through IX for the incident angle modifier tests. 
In addition, graphic presentation of data obtained from thermal 
performance tests is shown in Figure 4 for the Sunpak collector 
with the SSR and in Figure 5 for the Sunpak collector with a 
diffuse reflector. The transient effects of solar incidence 
angle on the Sunpak collector are shown in Figure 6 for the col- 
lector with the SSR and in Figure 7 for the collector with a dif- 
fuse reflector. Figure 8 compares results from an altitude angle- 
incident angle modifier test performed at the Solar Simulator with 
the SSR and the diffuse reflector. Figure S shows thermal effi- 
ciency of the Sunpak collector with SSR as a function of inlet 
temperature. Figure 10 depicts thermal efficiency of the Sunpak 
collector with a diffuse reflector as a function of inlet tempera- 
ture. For comparison purposes, data from References 2.4, 2.5, and 
2.6 are shown where appropriate. 


Tlie only common ground for comparing overall collector performance 
should be the "all day efficiency" i*ather than FroOT" * No standard 
practice has been established, but each collector should be evalu- 
ated for space heating, domestic hot water and solar cooling or 
process heat applications at a nominal location. This would assist 
the solar designer in choosing the most efficient collector for a 
particular application. Evacuated tube collectors are effective 
for solar- cooling applications? therefore, according to the proce- 
dure in NBSIR 78-1305A, an all day efficiency for the Sunpak liquid 
collector was calculated for a typical solar cooling application. 
Tlie selected site dependent data in conjunction with test results 
used in this deternination are shown in Table X for the Sunpak col- 
lector with shaped specular reflector (current production SSR) and 
in Table XI for the collector wi th the diffuse reflector. 


f*'*- 
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TEST CONDITIONS AND TESl' EQUIPMENT 


Ambient Conditions 

Unless otherwise specified herein* all tests were performed at 
ambient conditions immediately surrounding the collector at the 
particular MSEC solar testing site at the time of the test. 

Instrumentation and Equipment 

All test equipment and instrumentation used in the performance 
of this test program comply with the requirements of MSPC-MMI- 
5300. 4C* Metrology and Calibration. Testing took place at two 
locations# indoors at the MSEC Solar Simulator and outdoors at tlie 
MSFC Solar Test Bed Facility. A listing of equipment used for in- 
door and outdoor testing follows: 


Indoor Testing 


Apparatus 

Manufacturer/Model 

Range /Ac curacy 

Pyranometer 

Eppley - PSP 

0-800 BTU/Ft2.Hr 
Class 1 

Liquid Loop 

MSFC Supplied 

.1 - 1.2 GPM 

Anemometer 

Supplied by AMC 

0-60 MPH 

Flowmeter 

Foxboro/1/2-2 81T3C1 

.1 - .91 ± 1% GPM 

Platinum Resistance 
Thermometers 

Hy-Cal 

0 - 500°F + 0.5°F 

Digital Printer 

Doric Digitrend 220 

0 - 500 mv + 2% 

Fans 

MSFC Supplied 

N/A 

Solar Simulator 

MSFC Supplied 

See Reference 2.2 


Outdoor Testing 


Apparatus 

Manufacturer/Model 

Range/Accuracy 

Pyremomerer 

Eppley PSP 

0-800 BTU/Pt^‘Hr 
Class 1 

Liquid Loop 

MSFC Supplied 

.1 - 1.2 GPM . 


.1 - 1.12 + 1% GPM 


Flowmeter 


Fischer £5 Porter Qo./ 
Rotameter 


TEST CONDITIWS AND TBST EQUIPMENT (ConfclUued) 


IftStrvBientation and 

Typa T Tharinocouples MSEC Supplied 0 ~ 500 ®P + .5®F 

Da+'.a Logger Model 2240A, John Fluke 1 - 30 mv + .01% 

Company 

The FSP pyranometers were calibrated by th'j manufacturer. 
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Equipment (Continuedy 


Manufacturer/Model 




6.0 


TEST aSQUIREMENTS AND PROCEDURES 
Collector T;-fennal Efficiency Test 


6.1 


6 . 1.1 


6.1.2 


Test Requirements - Indoors 

Thermal performance data from the Sunpak evacuated tube liquid col» 
lector with shaped specular reflector and with only a diffuse re- 
flector shall be obtained at the ‘MSEC indoor test facility. The 
liquid to be used is the manufacturer's recommended heat transfer 
fluid. If not specified, the test shall be performed using water 
as the working fluid. Utilizing the MSEC Solar Simulator and the 
portable liquid loop, parametric performance evaluation data shall 
be recorded of the following test variables and conditions. 


Variable/Condition 

(1) Collector inlet liquid 
temperature differential 
above existing ambient 
temperature level 

(2) Collector outlet liquid 
temperature 

(3) Incident solar flux level 

(4) Liquid flow rate through 
collector 

(5) Wind speed 

(6) Ambient air temperature 

Procedure - Indoors 


Requirement 

O'^F, 25°F, 75°P, and 100°P 

Measured data 

260, 300 BTU/Hr-Ft^ Op 
2.65 Ibm/min (0.318 GPM) 

7.5 mph 

Existing room condition 


1. Mount test specimen on test teible at a 45° angle with reference 
to the floor. 

2. Assure tliat simulator lamp array is adjusted to an angle of 45° 
with reference to the floor. 

3. Using the procedure contained in Reference 2.2, align the test 
table so the test specimen's vertical centerline coincides with 
the vertical centerline of the lamp array and the distance from 
the front of the test specimen to tlie lens plane of the lamp array 
is 9 feet. 

4. Insulate all liquid lines. 

5. Connect instrumentation leads to data acquisition system. 
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6.0 TEST REQUIREMENTS AND PROCEDURES (Continued) 

6 . 1 Collector Thermal Efficiency Test (Continued) 

6.1.2 Procedure - Indoors (Continued) 

6. Assure that data acquisition system is operational. 

7. Perform sensor accuracy verification tests. 

8. Establish required wind speed. 

9. Start liquid flow loop and establish the required flow rate. 

10. Establish the required inlet temperature. 

11. Power up solar simulator in accordance with Reference 2.2 amd 
establish the required solar flux level. 

12. Record data each minute for a minimum of one hour until staibi- 
lized conditions occur. 

13. Repeat Steps 9 through 12 as necessary for the Sunpak collector, 
with the shaped specular reflector attached and also with only 

a diffuse reflector, to complete all the required test conditions 
with independent tests as specifieu below. 


Test 

No. 

Inlet Liquid 
Temperature 
Differential 
Above Existing 
Ambient Temp . , 
°F 

Solar Flux 
BTU/Hr-Pt^ Op 

Liquid 

Plow 

Rate 

Ibm/Min . 

Wind 

Speed, 

MPH 

1 

0 

260 

2.65 

7.5 

2 

0 

300 

2.65 

7.5 

3 

25 

260 

2.65 

7.5 

4 

25 

300 

2.65 

7.5 

5 

75 

260 

2.65 

7.5 

6 

75 

300 

2.65 

7.5 

7 

100 

260 

2.65 

7.5 

8 

100 

300 

2.65 

7.5 


14. Upon completion of testing, power down simulator and liquid 
loop in accordance' with Reference 2.2. 
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6.0 OEST REQUIREKIINTS AND PROCEDURES (Cor.tinued) 

6.1 Collector Thermal Efficiency Test (Continued) 

6 J..3 Test Requirewentg - Outdoors 

Thermal performance data fr«n the Sunpak evacuated tube liquid col- 
lector, with shaped specular reflector and with a diffuse reflector, 
shall be obtained at the MSEC outdoor test bed facility. Because of 
low outside temperature conditions, a 33% ethylene glycol/water mix- 
ture transfer fluid will circulate through the collector loop. Vari- 
ation in flew rate and specific heat of heat transfer fluids have been 
shown to produce negligible effects on the thermal performance of evacu- 
ated tube solar collectors. Therefore, comparisons of the collector 
performance with variations in these parameters should be valid. The 
collector shall be mounted on the sun tracking test table. The collec- 
tor at all times should be positioned perpendicular to incoming solar 
radiation. In addition, the test shall be conducted at times having 
clear weather conditions such that the integrated average insolation 
measured in the plane of the collector and used for the computation 
of collector efficiency values shall not be less than 200 BTU/Pt^.Hr. 

Tlie collector shall be mounted in a location such that there will be 
no significant energy reflected or reradiated onto the collector from 
surrounding buildings or any other surfaces in the vicinity of the 
test for the duration of the test. Wind speed across the collector 
at test times should not exceed 7.5 MPH. The following data shall be 
recorded of test variables and conditions: 

1. Collector inlet liquid temperature. 

2. Collector outlet liquid temperature. 

3. Total insolation from pyranometer. 

4. Liquid flow rate through the collector. 

5. Collector differential temperature. 

6. Ambient air temperature. 

Tliemal performance evaluation data shall be obtained at inlet tempera- 
tures of approximately 0, 25, 50, and 100°F above the ambient tempera- 
ture at a flow rate of 3.0 Ibm/min (.36 GPM) , to compensate for the 
lower specific heat of the glycol mixture. 

6.1.4 Procedure - Outdoors 

1. Mount the collector on the sun tracking table. Position the table 
such that the collector plane is perpendicular to solar radiation 
at all times. 

2. Initiate operation of tlia data acqtiisition system to record data at 
one minute intervals and check to verify that all necessary chan- 
nels are operational. 

3. Perform sensor accuracy verification tests. 

4. Establish the proper flow rate and monitor inlet temperatvure for 
each test day. 
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6.0 


TEST REQUIREMENTS AND PROGEDURISS (Continuod) 
Collactot Thermal Efficiency Test (Continued) 


6.1 


6.1.4 Procedure - Outdoors (Continued) 

5. Record all data continuously at one Minute Intervals at quasi- 
steady state conditions over the clear test days. 

6. Repeat the teat prooadure as necessary for the >Sunpa)c collectors 
on separate tost days with shaped specular reflector attached 
and also with only a diffuse reflector. 

7. Upon con>plotion of testing, save the printout as a record. 

6.1.5 Test Results 

The results obtained during tliese teats arc contained in Table I 
for the Sunpak collector witii shaped specular reflector and in Table 
II for the Sxinpak collector witli a diffuse reflector^ hath at indoor 
conditions. Table 111 contains thermal perforraajice test data for the 
Sunpak collector with shaped specular reflector at outside conditions 
while Table shows thermal performance data with only a diffuse re~ 
fleeter at outside conditions. Figure 4 shows Sunpak thermal effi- 
ciency witli the shaped specular reflector at indoor vs, outdoor 
conditions. Similarly, Figure 5 shows thermal efficiency with only 
a diffuse reflector at; indoor vs. outdoor conditions. Figure 9 
represents tlierwal efficiency of the Sunpak collector with SSR as 
a function of inlet temperature. Figure 10 depicts tliermal effi- 
ciency of tlio Swpak collector w'ith a diffuse reflector as a function 
of inlet temperature. 


6.0 TEST REQUIREMENTS AND PROCEDUR ES (Continued) 

6.2 Incident Angle Modifier Test 

6.2.1 Test Requirements - Indoors 

The collector incident angle modifier shall be determined by tilting 
the collector at 10*>* 20 °, 30° » 40°, 50°, and 60° with respect to 
the solar simulator surface. The liquid flow rate shall be 2.65 Ibm/ 
min. ^ 0.10, with tl\e inlet temperature controlled to within t 2°F 
of ambient. The insolation rate shall be 300 BTU/Ft2»Hr. Ihe liquid 
to be used is tlio manufacturer's reconaoended fluid. If not specified, 
the tests shall be performed using water as the heat transfer medium. 
The following data shall be recorded during tlie tests: 

(1) Collector tilt angles. 

(2) Ambient air tejaperature . 

(3) Collector inlet liquid temperature. 

(4) Collector outlet liquid temperature. 

(5) Collector differential temperature. 

(6) Incident solar flux level. 

(7) Liquid flow rate through the collector. 

6.2.2 Procedure - Indoors 

1. Set up collector at required tilt angle. 

2. Establish required flowrate. 

3. Establish required inlet temperature. 

4. Establish solar simulator flux level at 300 BTU/Pt^'Hr. and 
measure the flux levels at 72 locations on the collector surface 
and record on data sheet. 

5. Record data each minute for at least one hour until stabilized 
conditions occur. 

6. Repeat above steps as necessary for the Sunpak collector with 
tlie shaped specular reflector attached and also with only a 
diffuse reflector to obtain required data for each tilt angle. 

6.2.3 Test Requirements -• Outdoors 

Witli the collector positioned at a fixed 45° slope facing due 
south, the incident angle modifier shall be determined from 
collector efficiency data when the direction of incident 
solar radiation is approximately 10, 30, 45, and 55 degrees with 
respect to 0° at solar noon. Since these tests are being conducted 
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6.0 TOST REQUIREMENTS AND PROtiluDURES (Continued) 

6.2 Incident Angle Modifier Test (Continued) 

6.2.3 Test Requirements - Outdoors (Continued) 

outdoors, the inlet liquid temperature should be controlled as 
close to 2^F of ambient air temperature as is practical. Be- 
* cause of low outside temperature conditions, a 33% by volume 

ethylene glycol/water mixture transfer fluid will circulate through 
the collector loop. The test should be conducted on a clear day 
with a wind speed not exceeding 7.5 MPH. The following data shall 
be recorded during the tests; 

1. Ambient air temperature. 

2. Collector inlet liquid temperature. 

3. Collector outlet liquid temperature. 

4. Collector differential temperature. 

5. Incident solar flux level. . 

6. Liquid flow rate through the collector, 

6.2.4 Procedure ~ Outdoors 

1. Mount the collector in a fixed position on the outdoor test 
table at a 45° slope facing due south. 

2. Initiate operation of the data acquisition system to record all 
data at one minute intervals and check to verify that all neces- 
sary channels are operational. 

3. Perform sensor accuracy verification tests. 

4 . Establish a flow rate of 3 Ibm/min (.36 GPM) with an inlet 
liquid temperature equal to ambient air temperature (jf 2.0°P) . 

5. Monitor the test parameters by using the data logger printout 
at the test site. 

6. Record data continously at one minute intervals over the clear 
test day. 

7. Repeat the test procedure as necessary for the Sunpak collector 
on separate test days with tlie shaped specular reflector attached 
and also with only a diffuse reflector. 

8. Upon completion of testing, save tlie printout as a record. 
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TEST REQUIREMENTS AND PROCEDUl^ S (Continued) 

Incident Angle Modifier Test (Continued) 

Requirements and Procedure - Indoors (Altitude Angle Incident Angle 
Modifier) 

Tlie collector altitude angle incident angle modifier shall be deter- 
mined by tilting tlie collector at an altitude angle of 25° and 35° 
with respect to the solar simulator surface. The liquid flow rate 
shall be 2.5 Ibm/min + .10, with the inlet temperature controlled 
to within + 2°P of ambient. The insolation rate shall be 300 BTU/ 
Hr-Ft^. The tests shall be performed using water as the heat transfer 
medium. The following data shall be recorded during the tests: 

1. Collector tilt angle, 

2. Ambient air temperature. 

3. Collector inlet liquid temperature. 

4. Collector outlet liquid temperature. 

5. Collector differential temperature. 

6. Incident solar flux level. 

7. Liquid flow rate tlirough the collector. 

Test procedure steps are as follows: 

1. Set up collector at requi. 'd tilt angle. 

2. Establish required flow rate. 

3. Establish required inlet temperature. 

4. Establish solar simulator flux level at 300 BTU/Ft^'Hr and 
measure tl\e flux level at 72 locations on the collector surface 
and record on data sheet. 

5. Record data eadi minute at least one hour until stckbilized condi- 
tions occur. 

6. Repeat above steps as necessary for the Sunpak collector with 
the shaped specular reflector to obtain required data for each 
tilt angle. 

Test Results 

Incident angle modifier test data for tlTe Sunpak collector with 
shaped specular reflector at indoor conditions is listed in Table V. 


*♦ \ 
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6.0 TEST REQUIREMENTS AND PUOCEirjRKS (Continued) 

6.2 Incident Angle Modifier Test (Continued) 

6.2.6 Test Reeults (Continued) 

Table VI lists incident angle modifier data for the Bunpa)c col- 
lector with a diffuse reflector at indoor conditions. Altitude 
angle - incident angle modifier data at indoor conditions with 
the SSR and the diffuse reflector are contained in Table VII. 
Further incident angle modifier data for outdoor conditions is 
contained in Table VIII with the shaped specular reflector in 
place and in Table IX with only a diffuse reflector. Figure 6 
shows a comparison of incident angle modifier data for indoor and 
outdoor conditions with the shaped specular reflector fastened on 
while Figure 7 shows a comparison of incident angle modifier data 
for indoor and outdoor conditions with only the diffuse reflector. 
Figure 8 is a graphic representation of altitude angle - incident 
angle modifier data for tJae Sunpak collector with shaped specular 
reflector at indoor conditions as compared with diffuse reflector 
data. 
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6.0 


6.3 


6.3.1 


TEST REQUIREMENTS AND PROCEDURES (Continued) 
Collector Tiwo Conatant Te«t 


Requireraente 


The collector time constant shall be determined by abruptly re- 
ducing the solar flux to zero. This will be done with the inlet 
temperature adjusted to within 2'°F of eunblent while the liquid 
le flowing at 2.50 ibm/min. 


The differential temperature across the collector shall be moni- 
tored to determine the time required to reach the condition of: 


AT(t) 

ATi 


.368 


where AT(t) is the differential tenperature at time t after the 
solar flux is reduced to zero and ATj, is the differential tenpera- 
ture prior to the power down of the solar simulator. The liquid to 
be used as the collector heat transfer medium shall be as specified 
by the manufacturer. If this liquid is not specified, use water as 
the fluid. 


The following data will be recorded for the test: 

(1) Solar flux. 

(2) Ambient temperature . 

(3) Inlet liquid temperature. 

(4) Collector differential temperature. 

(5) Liquid flow rate. 

(6) Specified heat transfer mediunt. 

6.3.2 Procedure 

1. Adjust the liquid (water) flow rate to 2.50 Ibm/min. 

2. Adjust the inlet temperature to ambient 2^F. 

3. Power up the solar simulator and establish a solar flux level 
of 300 BTU/Pt^’Hr. 

4. Establish wind speed of 7.5 mph. 

5. Record data for ttiirty minutes at above stabilized conditions. 

6. Power down solar simulator. 

7. Record the change of AT across the collector. 

6.3.3 Results 


The results of the time constant test are shown in Figure 3. 
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7.0 


7.1 Thermal Performance Test 

The analysis of data contained in this report is consistent with 
• the procedures of References 2.1 and 2.2. The thermal efficiency 

of the Sunpak liquid collector with shaped specular reflector at- , 
tached determined from test data contained in Table I and Table III 
is given by the following equation; 

« 0.526 - 0.135 based on gross area. 

The thermal efficiency of Uiu Sunp^ik liquid collector with only a 
flat white diffuse reflecting surface determined from test data 
contained in Table II and Table IV is given by the following equations 

n, - 0.375 - 0.138 based on gross area. 


The procedure for calculating thermal efficiency as outlined in 
ASHRAE 93-77 is adequate for indoor testing of the Sunpak collector 
due to the fact that true "steady state" conditions can be achieved. 
However, when testing outdoors, true steady state seldom occurs even 
when utilizing an altazimuth table. In the case of collectors with 
large fluid capacity and long time constants, the residence time of 
the fluid may be 50% greater than the time constant. In this case, 
instantaneous data must be taken at an interval equal to the residence 
time to allow fo'- the effects on the inlet fluid to show up on the 
outlet at a residence time later. ASHRAE 93-77 states that an inte- 
grated value of solar radiation and energy output over a period equal 
to the time constant or five minutes, whichever is greater, is suffi- 
cient, but this doas not compensate for conditions of a drift in inlet 
temperature which does not show up in the outlet temperature until a 
residence time later. Therefore, the calculated values of efficiency 
were determined by a method taking into accoynt the "residence time" 
of the collector. To quote the Owens-Illinois Sunpak^^^ installation 
and operation manual, "Performance of the Sunpak ^ collector can be 
monitored by comparing the useful energy being gained by the collector 
to the insolation entering the plane of the collector. Consideration 
must be given to the residence time of the collector when determining 
heat gained. For example, a module operating with a 0.3 gpm flow rate 
will have a thirty minute residence time. To calculate the heat being 
gained, one would determine a AT by subtracting an inlet temperature 
from the outlet temperature \Aiich occurs thirty minutes later. Tliis 
residence time would, of course, be different for other flow rates. 
Residence time can be estimated assuming plug flow and a 9 gallon/ 
module fluid capacity . " 

Taking into account the calculated "residence time" of the collector 
for the flow rate at the time of testing, an averaged inlet tempera- 
ture condition at a given time was subtracted from an averaged out- 
let collector temperature at the calculated later time to determine 
the heat gain for the collector. The quasi-steady state solar flux 


15 


7.0 


ANALYSIS (Continued) 


7.1 Thermal Perforroance Test (Continued) 

level was averaged over that calculated time period for use in effi~ 
ciency calculations. Flux levels at the solar simulator, of course, 
remained constemt over each test condition, while outside flux 
averages are for clear day data with a small percentage of diffuse 
insolation. Due to the excellent insulative properties of the 
evacuated tube and considereible data scatter, the best curve fit is 
a first order polynomial of the form: 

= ao + aiT 

where 7*- (Ti - Ta)/I. 


0.375 f Based on gross 
> area with a 

<-0.138 1 diffuse reflector 


The coefficients were determined to be: 


ao 0.526 f 

Based on gross 

ao “ 

> 

area with shaped 


ai = -0,135 \ 

specular reflector 

al “ 
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7.0 


ANALYSIS (Continued) 


7.2 


^ Incident Angle Modifier Tett 

Two methods are proposed by ASHRAE 93~77 for incident angle modifier 
tests. For the HSFC Solar Simulator Facility, only method 1 (tilt- 
ing the collector) is applicable. The collector was adjusted so 
that the incident mdiation angles were 0®. 10®. 20®. 30®. 40®. 50®, 
, and 60® to the normal of the collector stir face when testing indoors. 
For the MSFC Solar Test Bed Facility only method 2 (testing outside 
using a permanent test rack) is applicable. Efficiency data at out^ 
door conditions was determined when the direction of incident solar 
radiation was approximately 10. 30. 45. and 55 degrees with respect 
to solar noon on clear test days. 


According to ASHRAE 93-77. the incident angle modifier is defined 
as 


K<X.T 


K 

•2 1 »i— I— ^ T n II ■! iw.iM 

Pr (Tai) n 


( 1 ) 


where efficiency at tilted angle. 


FR(£CT)n = Intercept of efficiency curve at 
normal incident angle * 0.526 
for the Sunpak collector with shaped 
specular reflector and 0.375 for 
the Sunpak collector witli only a diffuse 
reflector. 


F.or equation (1) to be applicable, the inlet liquid temperature must 
be controlled to within + 2®P of the ambient air temperature. In 
cases where the inlet liquid temperature cannot be controlled to 
within 2®F. the following equation must be used to evaluate the in- 
cident angle modifier. 


KoCT= 


Tf,i - Ta 

f,r (arr) n 


( 2 ) 


where 

FrOl is the negative of the slope determined from 
the thermal efficiency curve. = -0.135 for the 
Sunpeik collector with shaped specular reflector and 
0.138 for the Sunpak collector with a diffuse re- 
flector. 


Data in the incident angle modifier tables show that the inlet liquid 
temperatures were not all within + 2®F of ambient air temperature. 
Hence, equation (2) was used for evaluation where applicable. Other- 
wise. equation (1) was used. 

The results of these computations are shown in incident angle modifier 
tables eur.d plotted against incident ^mgle in Figures 6 and 7. An 
altitude angle - incident angle modifier for the Sunpak collector 
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A NALYSI S (Continued) 

Incident TUigle Modif i er T ost (Continued) 

with the SSR and with a diffuse reflector for altitude angles 
of 25® and 35® was determined using appropriate values of FRfcCr)n 
and FrUj, from above. The altitude angl»,?-incident angle modifier is 
plotted in Figure 8. 

The purpose of the incident angle modifier is to allow a designer 
or analyst to predict the total daily energy output from the col- 
lector# as the sun tracks from east to west. Most collectors arc 
mere efficient at normal incidence than at other angles# but some 
are even more efficient at angles other than normal. The only 
common ground for comparing collectors should be the "all day 
efficiency" rather than Fj^ofr. However# the prospective application 
of the collector also influences the value of "all day efficiency." 
That is# for low temperature applications such as space heating or 
domestic hot water# a typical flat plate collector may have an all 
day efficiency of 40% # but for solar cooling applications the all 
day efficiency might be 20%. Therefore, criteria should be estab- 
lished to rate each collector for space heating, domestic hot 
water# and solar cooling at a nominal location# because efficiencies 
are also dependent on outdoor ambient temperatures. 

Evacuated tubes are effective for solar cooling applications; there- 
fore# according to the procedure in NBSIR 78-1305A the all day 
efficiency of the Sunpak collector with a shaped specular reflector 
for a typical solar cooling application is 37.3%. Similarly, at the 
same conditions, the all day efficiency of the Sunpak collector with 
only a diffuse reflector is 35.0%. The selected site dependent data 
in conjunction witli test data used in these detei’minations is shown 
in Tables X and XI. No standard criteria has been established for 
'all day efficiency," and these calculations are dependent on system 
operating parameters# site data, time of year# and daily weather; 
therefore, Ihe above information should be viewed as interesting but 
not conclusive. 




7.0 

7.3 


, i 


m^LYSIS (Continued) 
Time Constant Teet 


Two methode are proposed by ASHRAE 93-77 for conducting a time 
constant test; howeverr due to facility limitations, the first 
method was used. This method consisted of abruptly reducing the 
solar flux to zero and maintaining a constant flow rate and inlet 
temperatvire while obtitiinlng data. 


According to the definition of time constant given in 93-77, it 
i? the time revr^iiired for the ratio of the differential tenqpera- 
ture at time T" to the initial differential |»mperature to reach 
.368, when solar insolation is reduced to zero. It can be ex- 
pressed as : 


«= .368 

Tf,e,ini - Tf,i 


( 1 ) 


If the inlet liquid tempurature cannot be controlled to within + 2°P of 
ambient air temperature, then the following equation must be used. 


FrUl (Tf,i - Ta) + ^ - Tf,i) 


FrUl <Tf,i - Ta) + ^ (T£,e,ini“7f,i) 


.368 


( 2 ) 


where s 


Tf,e,'T 


= Exit liquid temperature at time T 
B Inlet liquid temperature 


Tf,e,ini = Initial exit liquid ten^rature 


m 

i\, 


Ag 

FrUl 


= Liquid mass flow rate, Ii>/Hr 
B Specific heat of liquid, BTU/lb*®F 
= Gross collector area, ft^ 


~ Negative of the slope determined from 
the thermal efficiency curve 


The inlet temperature was maintained within +_ 2'^F of the ambient, 
hence equation (1) was used for evaluation. From Figure 3 the tirne 
constant was determined to be 19.6 minutes. 
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THERIIAL PERFORMANCE TEST DATA FOR TOE SUNPAK COLLECTOR 
WITH SHAPED SPECULAR REFLECTOR 
AT INDOOR CONDITIONS 




TABLE II 


THERMAL PERFOimNCE TEST DATA FOR THE SUNPAK 
LIQUID COLLECTOR WITH DIFFUSE REFLECTOR 
AT INDOOR CONDITIONS 


Ambient Air Tompera- 
ture (Tj^) , *P 


69.77 

65.83 

69.11 

Fluid Inlet Tempera- 
ture (Tj_) , *P .* 

67.77 

70.07 

124.78 

156.09 

Fluid Outlet Temp- 
erature (Tg) , ®P 

89.77 

92.19 

146.06 


Differential Fluid 
Temperature OaT) , *P 

22.00 

22.12 

21.28 

20.53 

Total Solar Plux 
(I), BTU/Hr*Pt2 

296.80 

298.18 

301.75 

301.75 

Plow Rat^’,* LUM/Mln 

2.70 

2.70 

2.65 

2.60 

(Ti - T,)/I 
•F-HfFt2/BTU 

.000 

.001 

.195 

' i 

.288 

Efficiency 
( 7 ^) t % 

.375 

.376 

.350 

.332 
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TABI£ IV 

THERMAL PERFORMANCE TEST DATA 
FOR THE SUNPAK LIQUID COLLECTOR WITH DIFFUSE REFLECTOR 
AT OUTSIDE CONDITIONS 


Ambient Air Tempera- 
ture (Tj ^) , *P 

49.3 

52.1 

41.2 

37.1 

Fluid Inlet Tempera- 
ture (T^) , “F . 

74.22 

80.80 

86.31 

98.82 

Fluid Outlet Temp- 
erature (Tg) , ®F 

99.42 

101.20 

109.71 

121.10 

Differential Fluid 
Temperature (dT) , *F 

25.20 

20.40 

23.40 

22.28 

Total Solar Flux 
(I) , BTU/Hr*Ft2 

1 

318.10 

277.10 

320.25 

312.99 

Flow Rate, Lbm/Min 

2.85 

2.95 

1 

3.0 

3.0 

(Ti-Ta)/I 

®F-Hr-Ft2/BTU 

.078 

.104 

.141 

.197 

Efficiency (> 7 ), % 

.373 

.358 

.362 

.356 


U4.34 


133.54 


19.20 


296.05 










































^dj^wted Efficiency Ratio 






























































TABLE VI 


INCIDENT ANGLE MODIFIER TEST DATA 
FOR THE SUNPAK COLLECTOR WITH A DIFFUSE REFLECTOR AT INDOOR 

CONDITIONS 

• "iv * 


Angle 

20° 

40° 

50° 

60° 

Ambient Air Tempera- 
ture (Tg^) , *P 

73.0 

74.0 

73.0 

74.1 

Fluid Inlet Tempera- 
ture (T^) , ®P . 

6B.4 

68.4 

68.3 

68.4 

Fluid Outlet Temp- 
erature (Tg) , ®F 

90.4 

88.5 

87.0 

85.2 

Differential Fluid 
Temperature CflT ) , ®F 

22.0 

20.1 

18,7 

16.8 

Total Solar Flux 
(I), BTU/Hr*Ft2 

279.0 

222.87 

185.8 

144.4 

Plow Rate/ Lbm/Min 

2.65 

2.65 

2,65 

2.65 

Efficiency 
(n) , % 

.392 

.448 

.500 

.578 

Adjusted Efficiency 
Ratio 

1.04 

1.18 

1.32 

1.52 
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TABI£ VII 


ALTITUDE ANGl£-INCIt^NT ANGLE MODIFIER TEST DATA 
FOR IffE SUNPAK COLI£CTOR WITH SHAPED SPECULAR REFLECTOR 
AND WITH A DIFFUSE REFLECTOR 


Shaped Specular 
Reflector 


Diffuse 

Reflector 


Angle 

25° 

35® 

25® 

35® 

Ambient Air Tempera- 
ture (T^) , “P 

69.5 

69.6 

65.42 

57.38 

Fluid Inlet Tempera- 
ture (T^) , *P , 

70.68 

70.44 

65.44 

57.07 

Fluid Outlet Temp- 
erature (Tg ) , •P 

100.60 

98.02 

85.83 

75.69 

Differential Fluid 
Temperature (dT) , *P 

29.92 

27.58 

20.39 

18.62 

Total Solar Flux 
(I), BTU/Hr*Ft2 

293.82 

275.36 

1 

267.86 

246.99 

Plow Rate# Lbnv/Min 

2.5 

i 

..5 

2.5 

2.5 

Efficiency 
(X) # % 

.477 

.469 

1 

‘ .357 

.353 

Adjusted Efficiency 
Ratio Kef'S' 

.943 

.927 

.952 

j 

.941 
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TAB1£ IX 

INCICBNI ANGIE MODIFIER TEST DATA FOR THE SUNPAK COLIECTOR 
WITH DIFFUSE REFLECTOR AT OlITSIDB CONDITIONS 
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Figure 2. A Typical 
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Thermal Efficiency of the Sunpak Collector with a Diffuse Reflector as a Function of 
Inlet Temperature 
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Sunpak Liquid Collector 
with a Diffuse Reflector 
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